The anemia of chronic disease is a common disorder that afflicts patients with a wide variety of inflammatory conditions including arthritis, malignancies, infections, and inflammatory bowel disease. It results in significant morbidity and may be severe enough to require blood transfusions. The pathogenesis of anemia of chronic disease is not fully understood, but poor maintenance of red blood cell mass has been observed at three levels: 1) iron is not efficiently recycled from reticuloendothelial macrophages to erythroid precursors, 2) erythroid precursors respond poorly to erythropoietin, and 3) red blood cell survival is decreased. Whether each of these changes is related to the same effector of the inflammatory process is unknown. We have had the opportunity to investigate severe anemia of chronic disease in an unusual group of patients with glycogen storage disease type 1a. We found that anemia was directly related to the presence of large hepatic adenomas that inappropriately produced a new peptide hormone, hepcidin. Hepcidin has recently been identified as part of the innate immune response and is a key regulator of cellular iron egress. Based on our findings in this patient group, we propose a central role for hepcidin in anemia of chronic disease, linking the inflammatory process with iron recycling and erythropoiesis. We present a hypothesis based on our findings. Abbreviations ACD, the anemia of chronic disease GSD1a, glycogen storage disease type 1a IFN, interferon TNF, tumor necrosis factor ACD, also called the anemia of chronic inflammation, is an acquired condition that affects patients with a variety of inflammatory disorders including infections, arthritis, inflammatory bowel disease, and cancer. ACD is the most common form of anemia among hospitalized and chronically ill patients. It is typically thought of as a mild to moderate decrease in red blood cell mass, but it can be severe enough to require transfusions. This form of anemia often results in a significant, although subtle, decrease in quality of life and general well-being.
Ill patients can have anemia for a variety of reasons, including malnutrition, frequent phlebotomy, bleeding, myelosuppressive therapy, and others (1) . The somewhat protean manifestations of ACD, and the frequency with which it coexists with anemias of other types, can cause diagnostic confusion. ACD is often considered to be a diagnosis of exclusion. However, there are hallmarks that, in a compatible clinical setting, aid in establishing the diagnosis. ACD should be suspected when serum iron levels are low and the serum iron binding capacity (reflecting transferrin) is decreased, rather than elevated. These findings indicate that iron is being withheld from erythroid precursors, but the primary defect is not simple iron deficiency. Serum ferritin levels, often increased in inflammatory states, are usually within the normal range or elevated, again making the diagnosis of uncomplicated iron deficiency unlikely. Iron deficiency can be present in association with ACD, particularly when the patient had low iron stores to begin with, or when the inflammatory state has been present for many months. Accordingly, ACD is generally normocytic, but may be microcytic when the total body iron content is low. Examination of bone marrow macrophages usually shows adequate or increased storage iron, as the iron is retained and therefore unavailable for erythroid precursors. However, if iron deficiency is marked, or the inflammatory state has persisted for some time, macrophage iron may be inapparent (1) .
At present, there is no single laboratory test that can definitively establish the diagnosis of ACD over iron-deficiency anemia. Some authors have proposed that the ratio of the serum transferrin receptor to the log of serum ferritin provides a useful index (2) . It would be useful, however, to have a more straightforward test to make the diagnosis.
PATHOGENESIS OF THE ANEMIA OF CHRONIC DISEASE
The phenomenon of anemia in patients with inflammatory disorders has been appreciated since the early 1900s and much has been learned about the abnormalities associated with ACD. There are three observations that are highly characteristic. First, and perhaps most importantly, the normal flow of iron between tissues is altered in ACD. Short-term iron homeostasis can be thought of as a closed loop [ Fig. 1 , modified from (1)]. There is no regulated pathway for iron excretion through the liver and kidneys in humans; therefore, an inconsequentially small fraction of the body's iron endowment enters and leaves the system on a daily basis. Little exchange of iron occurs for purposes other than Hb production. Iron bound to transferrin is taken up by erythroid precursors and incorporated into Hb. At the end of their lifespan (approximately 4 mo in normal individuals), senescent red blood cells are phagocytosed by specialized macrophages and the iron from Hb is scavenged. A fraction of the iron is retained, but macrophages return the remaining iron to the plasma via transferrin, completing the loop. Erythropoiesis requires approximately 25 mg of iron per day in an average adult, which must be provided by transferrin (1) . ACD patients have significantly decreased transferrin saturations. Consequently, red blood cell mass decreases. Clinical efforts to elevate serum iron and improve erythropoiesis are often ineffective. Oral iron therapy is of no benefit, and i.v. iron therapy does not produce as vigorous a response as it does in patients with simple iron deficiency. The lack of response to iron is not caused by impaired erythroid acquisition of iron, because iron given in the form of diferric transferrin is rapidly taken up by erythroid precursor cells [reviewed in Cartwright (1) ]. Taken together, these results suggest the transfer of iron from macrophages to transferrin within the closed loop is defective in ACD patients.
The second observation specific to ACD is that erythroid precursors from ACD patients respond poorly to erythropoietin, the growth factor necessary for red blood cell differentiation and Hb synthesis. Many investigators have described inflammation-or cytokine-induced changes in erythroid precursors that propagate this blunted erythropoietin response. Erythropoietin therapy yields variable responses in ACD patients. Often, a combination of iron and erythropoietin can be more effective than erythropoietin alone [reviewed in Means (3) ]. This observation may be related to the changes in iron availability that occur in ACD. Hemoglobinization will not occur without sufficient iron, regardless of the presence of erythropoietin. In addition to the poor response of erythroid precursors to erythropoietin, individuals with ACD have also been observed to have inappropriate erythropoietin levels when the severity of their anemia is taken into account. Endogenous erythropoietin levels are usually increased in ACD, but not to the same extent as is seen in patients with similar degrees of anemia resulting from iron deficiency alone (3).
Finally, the observed lifespan of circulating red blood cells in individuals with ACD is decreased, apparently because they are more avidly phagocytosed by cells of the reticuloendothelial system (1). When normal red cells are given to a patient with ACD, those cells are more rapidly cleared from the circulation. In a sense, the normal system that recovers iron from effete red cells is "revved up." The increased activity of reticuloendothelial macrophages in ACD may represent an attempt to increase the amount of iron available to developing red blood cells.
Whatever the mechanism, the closed loop finds equilibrium again with the net effect of reducing red blood cell mass in response to the restriction of iron available for erythropoiesis. This simple model is only useful for understanding ACD in the short term, however. When the inflammatory state persists for a prolonged period of months to years, the intestinal iron transport step must be considered. Minor blood loss and exfoliation of skin and mucosal cells normally results in loss of between 0.5-2 mg of iron per day (more in menstruating women). When this loss is not balanced by intestinal absorption of the same amount, body iron stores are gradually depleted. ACD can result in disruption of dietary iron absorption (4). Over time, this can lead to iron deficiency, particularly in patients who have other reasons for low iron stores. Patients with combined iron deficiency and ACD are likely to be more anemic, and more likely to have microcytosis, than patients with ACD alone.
Although nonheme intestinal iron transport is now fairly well understood [reviewed in Andrews (5) ], less is known about the part of that process that is interrupted in ACD. The absorptive enterocytes of the intestine take up substantial amounts of iron from the diet. Like macrophage iron handling, enterocytes retain some iron and export the rest across their basolateral membranes to enter the circulation. Iron that is retained within the cells cannot contribute to the body's overall iron economy because it is lost when the enterocytes senesce and are sloughed into the gut lumen. The machinery required for iron egress from macrophages and enterocytes is likely conserved. The only identified protein that has been shown to facilitate iron export is expressed in macrophages and enterocytes (6 -8) . If ACD induces iron retention in macrophages, it might also induce iron retention in enterocytes, reducing transfer of iron to the blood.
To summarize, the iron manifestations of ACD may be simply explained by decreased iron release from two types of cells: reticuloendothelial macrophages and absorptive enterocytes (Fig. 2) . This concept supports a hypothesis that there is a normal mechanism for coordinately regulating release of iron from reticuloendothelial macrophages and enterocytes, and that this is altered in ACD. Also consistent with this notion is the fact that in hereditary hemochromatosis, a disorder that is the phenotypic inverse of ACD, increased iron absorption, systemic iron overload, increased serum iron, and macrophage iron depletion occur. This constellation of findings can be explained by a perturbation in iron trafficking in the opposite direction, i.e. increased basolateral transfer of enterocyte iron to the plasma, and increased release of iron from reticuloendothelial macrophages. In that case, the hypothesis would be that the same regulatory system is perturbed, but in the opposite direction. This concept is shown in Figure 3 .
ACD IN PATIENTS WITH TYPE 1A GLYCOGEN STORAGE DISEASE
Serendipitously, we encountered a group of patients who offered new insights into the postulated regulatory system, and how ACD might come about. GSD1a is an autosomal recessive disorder caused by deficiency of glucose-6-phosphatase, which catalyzes the terminal reactions of both glycogenolysis and gluconeogenesis. This disorder was lethal until it was discovered that continuous provision of glucose, through i.v. administration or frequent feedings of uncooked cornstarch, allowed patients to survive with a good quality of life. Effective therapies have been used for several decades now, allowing many patients to survive into adulthood. Unfortunately, although the metabolic manifestations of the disease are largely controlled, older survivors have developed a variety of complications, including hepatic adenomas and anemia (9) .
We became interested in this group of patients when two observations were made-that the anemia in GSD1a survivors had the characteristics of severe ACD, and that those patients with the largest hepatic adenoma tumor burden had the most severe anemia. The experiments described below summarize our investigation of these tumors and the associated anemia. The results were recently published (9) .
Initially, we thought it was important to determine whether this was, in fact, ACD or whether it had its own, unique etiology. Although this has not yet been answered definitively, we will argue that it is indistinguishable from ACD. First, patients with this disorder have evidence of abnormal iron homeostasis. They have very little iron in the circulation, with transferrin saturations less than 7%. Erythropoiesis appears to be restricted by the paucity of iron; patients are microcytic and have elevated red blood cell distribution widths. However, this is not simple iron deficiency-total iron binding capacities are not elevated, ferritin levels are generally not less than 15 ng/mL, and, importantly, the patients do not improve when they are given oral iron. They show a partial response to i.v. iron when it is given in large doses, but the response is sluggish and incomplete. These results are consistent with defects in both macrophage iron release and intestinal iron absorption, resulting in the physiology of ACD accompanied by iron deficiency caused by long-term impairment of dietary iron uptake. Although the condition seen in these patients is undoubtedly more severe than generally expected with ACD, there is no other form of anemia that this resembles more closely.
Our second goal was to determine why the problem with iron homeostasis was associated with hepatic adenomas. Initially, one might have presumed that large adenomas and profound anemia were independent markers of disease severity. However, two patients had their adenomas removed surgically, and in both cases, the anemia resolved without blood transfusion, bone marrow modulators, or iron therapy. The first patient (patient A) had massive involvement of the liver with adenomas, and underwent liver transplantation. Postoperatively his anemia resolved (Table) . However, it was possible that this was related to a general improvement in his health when his liver function was restored. The second patient (patient B) had a large, solitary adenoma at the tip of the left lobe of the liver, making the tumor resectable (in contrast to most GSD1a patients, who have unresectable adenomas). When her adenoma was removed, her anemia corrected within 7 wk, and her iron studies normalized (Table) . As 6 wk is the typical period needed for the red cell mass to recover after an erythropoietic block is relieved, it seemed highly likely that removal of the adenoma had, in effect, cured the anemia.
GSD1A ADENOMAS PRODUCE A HORMONE THAT ALTERS IRON HOMEOSTASIS
We next asked why the adenomas contributed to ACD. We considered the possibility that the tumors accumulated iron, sequestering it away from the erythron. However, staining of adenoma tissue and adjacent normal tissue with Perls Prussian blue showed no evidence of iron deposition.
Next we considered the possibility that the tumors were producing inflammatory cytokines that were responsible for causing ACD. The correlation between induction of TNF, IL-1, or IFNs and the development of ACD has been well established [reviewed in Means (3) ]. Collectively, these cytokines have been postulated to decrease red cell survival, impair the response of bone marrow precursors to erythropoietin, and increase ferritin synthesis in reticuloendothelial macrophages. We compared gene expression in adenoma tissue versus adjacent unaffected liver tissue from patient B using a cDNA array containing sequences representing 180 cytokines and cytokine receptors. Neither the tumor nor the unaffected liver tissue produced appreciable amounts of TNF, IL-1, or IFN. There was a small (Ͻ2-fold) increase in the expression of IL-13 and IL-16 in the adenoma, as well as a small increase in the expression of ␤2-microglobulin, but none of these changes seemed likely to be related to the anemia caused by the adenomas.
At that point, a new candidate gene presented itself. Hepcidin is a small (20 -25 amino acid) peptide hormone that is exclusively produced by the liver and induced by inflammation (10 -13) . Although initially identified because it acts as an antimicrobial peptide (10, 11, 14) , converging lines of experimental evidence strongly suggested a role for hepcidin in the regulation of iron homeostasis. First, impairment of murine hepcidin gene expression resulted in an iron overload phenotype similar to hereditary hemochromatosis (15) . The increased liver iron and decreased splenic macrophage iron observed in these mice support the hypothesis that hepcidin normally acts to limit intestinal iron absorption and macrophage iron release. Second, loading of mice with carbonyl iron results in increased hepcidin expression (12) , suggesting that it is part of a normal compensatory mechanism to decrease the amount of iron entering the body. Third, constitutive expression of a hepcidin transgene results in severe neonatal iron-deficiency anemia (13) , indicating that hepcidin can completely (or nearly completely) shut down normal iron homeostasis. Because the features seen in our GSD1a patients with anemia resembled those expected from inappropriate expression of hepcidin, we Both patients A and B presented with anemia [preoperatively (preop)] that improved after removal of adenomas by liver transplant (patient A, male, age 32 y) or resection (patient B, female, age 19 y). Red blood cell variables [hematocrit (Hct), Hb, and mean cell volume (MCV)]; alkaline phosphatase [(alk phos), a marker of disease severity]; and available iron all improved after removal of the adenomas [not determined (ND)]. The decrease in serum ferritin (Ft) observed immediately after surgery is likely related to renewed utilization of iron stores for erythropoiesis. Serum ferritin eventually returned to normal levels as iron stores were replenished. In situ hybridization (data not shown) verified inappropriate expression of hepcidin by adenoma hepatocytes when compared with hepatocytes from adjacent, unaffected liver [arbitrary units (AU)]. 510 considered the possibility that the adenomas, which are primarily made up of hepatocytes, might produce hepcidin.
We first needed to establish what levels of hepcidin expression to expect in our patients. Although we knew that hepcidin levels increased in iron overload (12) , and that excess hepcidin expression caused iron-deficiency anemia (13), it had not yet been determined whether iron-restricted erythropoiesis led to decreased hepcidin production. Using mutant mouse strains that had iron-restricted erythropoiesis as a result of mutations disrupting iron transport, we showed that this was the case. Mice carrying mutations that disrupt intestinal iron transport (sla and mk) or iron uptake by erythroid precursors (mk and hpx) are anemic (5, 16 -19) . Hepcidin expression was dramatically decreased in each of these mutant mice (Fig. 4) . Whereas sla and mk mice are anemic and iron deficient, hpx mice are anemic, but iron loaded. Because hepcidin expression remains at low levels in hpx mice despite such severe iron loading of the liver, we concluded that hepcidin must be primarily regulated by iron availability in the erythron. Therefore, we predicted that GSD1a patients with anemia should produce very little hepcidin, because they need to optimize intestinal iron absorption and macrophage iron recycling for erythropoiesis.
We next examined hepcidin mRNA expression by Northern blot analysis of three liver samples obtained from a healthy (iron replete) adult man, from patient B's unaffected liver, and from the adenoma. The healthy control sample showed robust hepcidin expression. Consistent with severe anemia, the unaffected liver tissue from patient B produced very little hepcidin. However, her adenoma tissue produced 10-to 30-fold more hepcidin than the unaffected liver. Although the adenoma produced an amount of hepcidin mRNA that was similar to that of the control, we knew from our experiments with anemic mice that this was inappropriately high expression.
To confirm that the adenoma hepatocytes were expressing hepcidin, we carried out in situ hybridization to detect hepcidin mRNA in tissue samples. We focused on the tumor margin, where we could compare hepcidin expression in the adenoma and unaffected liver tissue side by side. Consistent with our Northern blot results, we observed a striking difference between adenoma tissue, which expressed high levels of hepcidin mRNA, and normal tissue, which expressed very little in both patients (Table 1) .
DISCUSSION
We presented evidence that inappropriate expression of hepcidin is associated with severe ACD in GSD1a survivors with large hepatic adenomas. However, a direct role for hepcidin in ACD associated with other inflammatory disorders has not yet been investigated. We believe that it is likely that hepcidin is a central mediator for ACD from diverse causes. It is a circulating hormone that is induced by inflammation, which blocks the release of iron from macrophages and interrupts intestinal iron absorption. These properties fit well with the iron-related manifestations of ACD.
Understanding the relationship between inflammation and hepcidin production will be important for determining which circumstances constitute "inappropriate" hepcidin expression. Details of the transcriptional and posttranscriptional regulation of hepcidin expression have not yet been worked out. It is possible that one or more of the inflammatory cytokines previously implicated in the pathogenesis of ACD triggers hepatic hepcidin production. This should be investigated. Importantly, levels of circulating hepcidin can be very tightly regulated through transcriptional mechanisms, because the molecule is very small, and is probably filtered into the urine by the kidneys, resulting in a relatively short half-life.
Although not all of the features of ACD may be fully attributed to hepcidin, it is likely that many features are associated with increased hepcidin expression. Certainly, its known effects on macrophages and intestinal absorptive cells can account for defects in iron recycling and intestinal iron absorption, respectively. Other features of ACD include decreased red cell lifespan and decreased responsiveness of erythroid precursors to erythropoietin, described above. Although these characteristics have been attributed to inflammatory cytokines, the involvement of hepcidin as a downstream signaling molecule should be investigated.
Why hepatic adenomas in GSD1a patients produce hepcidin inappropriately is not yet known, but our data suggest that the adenomas lack normal regulatory mechanisms that should turn off hepcidin gene expression. Identification of the signaling pathway that has turned on hepcidin expression in the first place may be important for understanding and treating ACD as Genotypes are given at the bottom: B6 ϭ C57BL/6J controls (low iron-loading strain), 129 ϭ 129SvEvTac controls (high iron-loading strain), mk/ϩ ϭ unaffected mice heterozygous for the mk mutation, mk/mk ϭ affected mk homozygotes, sla/Y ϭ affected sla male hemizygous mice on a C57BL/6J background, hpxϩ/? ϭ unaffected littermates of hpx mutant mice that may be either ϩ/ϩ or ϩ/hpx at the transferrin locus, hpx/hpx ϭ affected homozygous hpx mutant mice. Mice with anemia as a result of defects in intestinal iron absorption (mk/mk and sla/Y) or erythroid precursor iron uptake (mk/mk and hpx/hpx) turn off hepcidin expression when compared with the control mice. Hepcidin expression in wild-type B6 and 129 mice reflects the relative iron-loading phenotypes of those strains, and directly correlates with nonheme liver iron stores. However, hpx/hpx mice have extensive iron loading of the liver, showing that liver iron stores do not correlate with hepcidin expression when anemia is present, and indicating the predominance of the erythroid regulator over the stores regulator in regard to hepcidin expression.
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HEPCIDIN IN ANEMIA OF CHRONIC DISEASE a whole. Although it has not yet been demonstrated, we expect to find that hepcidin expression is increased in more conventional settings of ACD, such as rheumatoid arthritis, inflammatory bowel disease, cystic fibrosis, neoplasia, or chronic infection. Whether the path to induction of hepcidin is the same in each of these disorders remains to be determined.
Finally, the interdependence of antimicrobial and ironregulatory properties of hepcidin should be investigated. When ACD presents in association with autoimmune disorders, attenuating hepcidin expression may correct the anemia without complication. However, in association with neoplasia and chronic infection, the innate immune activity of hepcidin may be important for controlling the underlying disease. Antagonists that are specific for the target(s) of hepcidin on macrophages and enterocytes should be considered for treatment of ACD so that some iron is available to erythrocyte precursors, but innate immune activity is not compromised. Even still, such a treatment regimen might involve some risk as tumor growth and the proliferation of pathogens may be iron dependent.
CONCLUSION
We hypothesize that hepcidin plays a central role in the pathogenesis of ACD. This hypothesis will become testable when an antibody against hepcidin is available, and can be used to measure hepcidin levels in patient serum and urine. If we are correct, there is potential for producing drugs that target hepcidin or its as yet unknown receptor, to treat this very common form of anemia. Although not usually as severe as in our GSD1a patients, ACD undoubtedly impairs the quality of life of those affected; new therapeutic approaches would clearly be beneficial.
